The aim of the present work is to investigate the effect of substituting B 2 O 3 for Al 2 
Introduction
Glass-ceramics (GCs) are used in wide variety of applications ranging from military, biomedical to consumer goods like cooktops.
1 Particularly in restorative dentistry leucite and lithium disilicate (LS 2 ) based GCs are meeting the demand for excellent aesthetic and good mechanical properties with relative ease of processing. 2 These materials' compositions are carefully tailored and given controlled heat treatments to obtain desired nucleation and crystallisation of glasses. By adjusting the crystal size and fraction, required translucency and mechanical properties can be achieved. The key aspect of glass-ceramics in comparison to conventional ceramics is that they are inherently pore free which makes them well suited for high mechanical strength applications. 3 Over last four decades several fundamental studies have been performed on nucleation and crystallization of glasses belonging to various systems addressing various aspects of glass crystallization. [4] [5] [6] However, most of these studies were restricted to simple stoichiometric or binary compositions and few studies in multicomponent systems were performed only recently. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] From an application point of view, in a multicomponent system, the addition of a particular dopant to the glass system changes its structure and chemistry consequently affecting its nucleation and crystallization behaviour; thereby it has a direct effect on final physical and chemical properties of GCs.
During the initial stages of crystallization the phases that nucleate should directly depend upon local initial glass structure. Therefore, probing the bulk glass structure would offer deeper insights into the initial stages of nucleation. 18 Hence, it is imperative to understand the effect of a specific dopant on glass structure so that its crystallization behaviour can be understood in a new perspective. Therefore the current paper is mainly aimed at evaluating the effect of glass structure on crystal nucleation and overall crystallization of Al and B doped glasses.
Addition of aluminium and boron oxides to silicate glasses is known to improve chemical resistance of both glasses and GCs. 19 Apart from enhancing chemical resistance, Al 2 O 3 also has a huge influence on the nucleation and crystallization behaviour of the glass.
Several detailed studies on effect of Al 2 O 3 were carried out by the authors of the present paper. 12, 15, [20] [21] [22] [23] Addition of Al 2 O 3 decreases phase segregation in the glass which consequentially results in the reduction of the nucleation rate. 24 Furthermore, Al 2 O 3 drops the overall tendency of the glass to devitrify enhancing its glass stability and also promotes crystallization of LS over LS 2 When it comes to B 2 O 3 addition into silicate glasses, apart from promoting chemical resistance like Al 2 O 3 , B 2 O 3 also improves thermal shock resistance and raises electrical resistivity of the glass. 25 Contrary to the role of Al 2 O 3 , B 2 O 3 is known to promote amorphous phase separation. 26 Most of the commercial GCs used in various applications have nucleating agents added into them in order to promote higher nucleation rate and fine grained microstructure.
Nonetheless, in a study like the current one, the presence of nucleating agents would make it difficult to ascertain the function of a particular dopant on the glass structure and ultimately the crystallization behaviour. Therefore, in the present study, a relatively simple multicomponent non-stoichiometric glass belonging to the system Li 2 O−K 2 O−Al 2 O 3 −SiO 2 with no nucleating agents added was chosen. In this system, the effects of substituting Al 2 O 3 for B 2 O 3 are elucidated. The structure of the glasses is probed employing wide range of characterization techniques. Based on the structural findings the nucleation and crystallization behaviour of these glasses were explored.
Experimental work

Preparation of glasses and glass-ceramics
Five experimental glass compositions were prepared including the base glass (23Li 2 99%) were used. These powders were mixed homogenously by ball milling and calcined at 800 ºC in alumina crucibles for 1 h in air. The calcined powders (~100 g batch sizes) were further mixed in mortar-pestle for homogeneity and transferred to Pt-crucibles for melting at temperature of 1550 ºC for 1 h in air. Bulk (monolithic) bar shaped glasses were prepared by pouring the melt on bronze mould. To investigate LLPS, samples GB 0 , GB 50 , and GB 100 were annealed at 520 ºC for a long duration (100 h) in order to bring the samples to thermodynamic equilibrium. Non-annealed bulk glasses were heat treated at temperatures between 650−900 ºC with 50 ºC interval at a rate of 2 K min −1 for 1 h in air to investigate the devitrification process.
Characterizations of the samples
Optical spectra of the bulk glasses were recorded using UV-VIS-NIR spectrophotometer (UV-3100, Shimadzu) in the range 200-800 nm wavelength with a resolution of 0.2 nm. For this, bulk glass slices of thickness 1.5−2.0 mm were cut from the bars and the both parallel sides were polished to a mirror finish. Microstructures of all glasses and GCs were recorded using reflected light optical microscope (Jenaphot 2000, Zeiss) and scanning electron microscope (SEM, SU-70, Hitachi).
Samples for microstructural observation were polished and etched using 2 vol.% hydrofluoric acid for 60 s. Crystalline phase content in all glasses and glass-ceramic samples was determined by X-ray diffraction (XRD, Rigaku Geigerflex D/Mac, C Series) using Cu K α radiation with 2θ varying from 10−60º steps of 0.02º s −1 .
Results
All the bulk cast glasses obtained after melting at 1550 ºC were transparent and bubble free. X-ray diffraction conducted on the glasses (not shown) revealed no crystalline phases confirming they are all amorphous. Considering the high melting temperature, at which the lighter elements (such as Li and B in the current compositions) are prone to the volatilization, weight losses of the glasses were measured before and after melting. The weight losses were less than 0.2 %; which is a negligible value and it is within the limits of experimental errors. 25 In the case of boron, since it is present at a dopant level concentration, its volatilization would be far more negligible. 27 
MAS-NMR Spectroscopy
Figures 1a-c show the 29 An example of 29 Si deconvolution is presented in Fig. 2a and relative amounts of each Q unit as well as the fitting parameters are presented in Table 2 . However, due to the complexity of current glass compositions with the formation of additional linkages such as Si−O−Al and Si−O−B leads to the creation of new Q units which strongly affect the 29 Si chemical shift. 29, 30 Therefore, the information obtained from the NMR deconvolution were used carefully within the limitations of experimental errors.
The 27 Al MAS-NMR spectra of the samples GB 0 , GB 25 and GB 50 presented in the Fig.   1b show non-symmetrical peaks for GB 0 and GB 50 and a near symmetrical peak for GB 25 with peak maximums centred at ~52 and 56.4 ppm respectively. 27 Al being spin I=5/2 nuclei, experiences quadrupolar interactions with electric field gradient resulting in broadening and shifting of the peaks from the isotropic chemical shift values. 29 However, at higher magnetic fields quadrupolar effects are reduced and therefore GB 25 shows lower quadrupolar effects and confirming the nonexistence of 5− and 6−fold coordinated Al. 31 In order to find out the true chemical shift values for GB 0 and GB 50 the spectral deconvolution was performed using B MAS-NMR spectra for glasses GB 25 , GB 50 and GB 100 shown in the ) boron species respectively. 29 The peak at −1.3 ppm can be attributed to reedmergnerite like structural units of boron where each of the tetrahedral boron is coordinated with four Si tetrahedrons. 29, 35 In order to identify the relative contents of B III and B IV units of boron, the 11 B MAS-NMR spectra were deconvoluted and an example is presented in Fig. 2b . The line shapes were simulated by using two trigonal peaks with second-order quadrupolar effects each corresponding to symmetric (B
IIIs
, boron with 0 or 3 bridging oxygens) and asymmetric trigonal (B IIIa , boron with 1 or 2 bridging oxygens) boron units. 36 For tetrahedral boron units a single mixed Gaussian/Lorentzian peak was used. The NMR parameters used for the deconvolution of the spectra, which are isotropic chemical shift (δ iso ), quadrupolar coupling constant (Q CC ), and quadrupolar asymmetry parameter (η) along with the relative contents of each boron species, are presented in Table 3 .
Raman Spectroscopy
The Raman spectra of the experimental glasses are presented in Fig. 3 . All glasses showed a broad peak between 400−600 cm −1 with peak maximum at ~550 cm 4. The broad peaks ranging from 1000−1200 cm −1 could be attributed to both Q 3 and Q 4 units; however peak maximum at 1086 cm −1 indicate that Q 3 is present in bigger amounts.
FTIR
The FTIR transmittance spectra of the experimental glasses presented in appear as a result of antisymmetric stretching of the oxygen atoms. The shoulder at high frequency side of this band is also a characteristic of this mode.
UV-Visible Spectroscopy
Figure 5a shows optical transmission spectra of the experimental glasses. Apart from the strong UV absorption edge near ~300 nm in the UV region, glasses did not show any other absorption band in the examined region. The spectral curves for GB 50 , GB 75 and GB 50 show almost same profile and therefore indistinguishable in the Fig. 5a . The band gap energy (E g ) for all the glasses was calculated using Tauc relationship given by the, Here, α is the linear attenuation coefficient, T is the percent transmittance, t is the thickness of the sample, h is the Planck's constant, ν if the frequency of the photon, A is a constant related to band tailing, E g is the band gap energy and the value of n depends on type of transition with values ½ and 2 for direct and indirect band gaps respectively. From the Tauc plots with (αhν) 1/n versus hν, the linear portion of each plot is extrapolated to intersect
where,
abscissa to give optical band gaps. In the present paper indirect band baps were calculated for all experimental glasses by taking n = 2. The results of the band gaps presented in Fig. 5b insert and Table 4 increase with increasing B substitution.
Physical and thermal properties of glasses
Densities of all monolithic glasses are presented in Table 4 . The values of density (ρ), molar volume (V m ) and oxygen density (ρ O ) were calculated using following formulas:
Where M and ρ are molecular weight and density of the glass, M O is the molecular weight of oxygen and X is the molar fraction of each oxide component present in each glass.
Values of molar volumes and densities are presented in in Table 4 and Table 4 as well as the characteristic points (T g : glass transition temperature, T c : crystallization onset temperature, T p : crystallization peak temperature, T S : solidus point and T L : liquidus point) from the DTA curves for all glasses. To identify these characteristic points, the intersection method was employed as shown in the Fig. 7 ; for T g onset of baseline shift was used. Hrubý parameter (K H ) for glass stability 40, 41 and reduced glass transition temperature 42 (T gr ) for the glasses were calculated by the formula:
and,
The percentage of non-bridging oxygens (NBOs) with respect to total number oxygens present as an indicator of polymerization of glass network for each glass composition was calculated based on the formula:
Here all Al is assumed to be in tetrahedral coordination and the amount of B IV units is obtained from 11 B NMR deconvolution. The values of NBO percentage are presented in Table 4 for glass compositions GB 0 , GB 25 , GB 50 and GB 100 .
Microstructures and phase analysis
The non-annealed cast glasses showed small signs of liquid-liquid phase segregation 
Extensive crystallization occurred upon heat treating the glass samples at temperatures ≥ 700 ºC as seen in the optical (Fig. 10a−c) and SEM (Fig. 10d) micrographs, with morphological features depending on B substitution and heat treatment temperature.
The X-ray diffractograms for all samples isothermally treated for 1 h at temperatures between 650−900 ºC are presented in Fig. 11 . Transient phases are not expected under these close to thermodynamic equilibrium conditions. It can be seen that LS 2 and LS 2 -ss (low temperature solid solution phase of LS 2 ) were the prominent crystalline phases formed at 650
ºC. The crystallization propensity was enhanced with increasing B substitution. Al-rich glasses tend to crystallize minor mounts of LS phase and retain it at higher temperatures.
Increasing B substitution favoured the formation of various polymorphs of silica at higher temperature.
In order to identify any transient phases formed upon heat treating under nonisothermal conditions, the extreme compositions GB 0 and GB 100 (particle sizes between 500−1000 µm) were subjected to a heat treatment similar to DTA (β = 20 K min −1 ). The samples were quenched from temperatures below melting point in order to preserve any transient crystalline phase formed. The diffractograms of these samples presented in Fig. 12b show formation of LS and LS 2 in GB 0 and GB 100 respectively. Thus the crystallization and melting peaks in DTA (Fig. 7) should correspond to these transient phases.
The solidus (T S ) and the liquidus (T L ) points obtained from the DTA curves plotted against the percent boron replacement and the X-ray patterns of resulting GB 0 and GB 100 samples are displayed in Fig. 12a-b . With boron replacement increasing, T L gradually decreases, while T S remains ~constant up to GB 25 , steeply drops for GB 50 , being followed by a decreasing trend to constant values. Even not corresponding to equilibrium conditions, the shapes of both these curves together seem physiognomies of a phase diagram.
Discussions
Glass structure and properties
The structure of glasses consists essentially of Q 3 and Q 4 network forming units (Fig.   1a) . According to earlier co-authors' studies 20, 21 and other literature reports 28, 30 , the 29 Since Al is present in this glass system in 4−fold coordination as suggested by 27 Al NMR results (Fig. 1b) , the shift of −108 ppm is due to the deshielding effect on Si nuclei when Al atoms are introduced in the second coordination sphere creating Q 4 (mAl)-like units. 29, 30, 43 However, addition of Al had no apparent effect on Q 3 peak suggesting no possible formation 47 These relaxation times can be reduced by the addition of paramagnetic impurities to glass. But our previous studies 14 showed that even small addition of paramagnetic ions had a huge influence on glass crystallization. The extent of phase separation in the current experimental glasses used for NMR was observed to be very small.
Figs. 8a-b represent those small phase segregated regions responsible for the underestimation
Si content according to 29 Si NMR results. To conclude, in sample GB 0 , even considering a random mixing of the glass network with a diminutive phase separation, Al atoms would form tetrahedral units that are preferentially coordinated to Q 4 Si units in NNN. Now considering the composition GB 100 where entire Al was substituted for B, the shoulder at −104 ppm (Fig. 1a) shifted back to a lower value, while a small shoulder appeared near −81 ppm. According to 11 B NMR spectral deconvolution of GB 100 (Fig. 2b , Table 4 . The percentage of NBOs shows an increasing trend from 26 to 27.5% for 0 to 100% boron replacement, respectively.
Whereas 29 Si NMR spectra are very sensitive to Al and B IV units when present in NNN, Raman and FTIR spectra, Fig. 3 and structure of supercooled liquids can be approximated to the glass structure that was discussed so far. Therefore at isokom temperature of glass softening point where viscosity is ~10 6.6 Pa⋅s, the structure of a supercooled liquid should be similar to its glassy state. The decrease in the glass softening temperatures with B addition is an indication of decreasing viscosity, therefore clearly supporting the depolymerisation of glass network due to B substitution.
However, higher B−O bond strengths do not seem to have great role on viscosity in the supercooled state.
The findings concerning the network structure of supercooled glasses will be useful for understanding the nucleation process that also occurs at deep undercooling as discussed in the following section.
Phase segregation and crystal nucleation
Nucleation of non-stoichiometric glasses is greatly influenced by the LLPS phenomena.
Therefore it is of paramount interest to understand the influence of B substitution on LLPS.
The role of LLPS on crystal nucleation of glasses was thoroughly investigated and clearly established by James et al. 24, [55] [56] [57] [58] According to their findings, compositional variations brought along the LLPS process create ideal zones for the commencement of homogenous nucleation. As shown in Fig. 8c−d Dopants are likely to affect both kinetics and thermodynamics (Gibbs free energy, the sum of enthalpy and entropy contributions) of LLPS in glasses. 60 The main contributions to enthalpy term include: (1) heat of formation of NBOs; (2) deformation of the Si tetrahedra in the presence of alkali ions; these reactions are exothermic and endothermic respectively.
Entropy is mainly related to mixing of NBO pairs and bridging oxygens (configurational entropy). LLPS is mostly enthalpy driven (endothermic deformation of the Si tetrahedral).
Topping et al. 61 extended this concept to aluminosilicate glasses to explain the reduction of The nucleation rate of crystals depends on the kinetics of LLPS where faster kinetics enhances the crystal nucleation rate by shifting the composition of the glass matrix during the process. Considering the glass samples GB 0 and GB 100 , GB 0 has comparatively larger thermodynamic driving force but higher viscosity. Due to its lowest viscosity, GB 100 exhibits the fastest kinetics of LLPS and the highest crystal nucleation rate in comparison to other glasses. All mixed B and Al containing glasses have lower thermodynamic driving force for LLPS in comparison to GB 0 and GB 100 ; however the kinetics barrier for LLPS decreases with increasing B substitution, and the crystal nucleation rates are expected to concomitantly increase. However, because the thermodynamic driving force goes through a minimum between the two end members GB 0 and GB 100 , at a particular B substitution between the end members, the crystal nucleation rate is expected to be lower than in the rest of the samples.
This explains why the glass sample GB 25 showed lowest crystal nucleation rate among all the experimental glasses (Fig. 9) .
The crystal nucleation of the glasses is correlated to glass transition temperature by a parameter called reduced glass transition temperature T gr . 42, 62 Homogenous nucleation occurs in glasses for T gr < 0.58−0.60. The increasing trend of T gr values with B substitution (Table   4 ) suggests a slowdown in the nucleation rate. Crystallization of metastable LS 2 -ss solid solution occurred upon heat treating glasses at 650 ºC (Fig. 11a) T g values which are in accordance with the nucleation rates exhibited by glasses. Therefore, the increasing T gr values with B substitution can be attributed to changing crystallizing phase rather than the nucleating phase.
Morphology and phase assemblage of crystallised glasses
Al-rich glass compositions exhibited high glass stability as seen from XRD results ( Fig.   11a-b) and with B substitution the glasses showed an increasing tendency to devitrify under isothermal conditions due to a lowering viscosity. The concomitant crystallization of LS and LS 2 reduces the meaningfulness of glass stability parameter K H ( Table 4) derived from nonisothermal (DTA) conditions explaining the apparent lack of consistency observed. The plot of T S and T L against B replacement (Fig. 12a) However, a simple glass stability parameter such T c −T g shows better accordance with XRD for all compositions. Complete LS 2 crystallization was achieved for glasses GB 0 and GB 100 at 800 ºC and 700 ºC, respectively (Fig. 10) . The early crystallization of LS in Al-rich end member suggests that glass becomes Si-depleted for crystallization probably due to increased liquid stability. When present, LS is a transient and transforms into LS 2 under suitable heat treatment schedule and might lead to morphological changes (Fig. 10 ).
Conclusion
The current study investigated the role of both Al and B on glass structure, phase segregation, nucleation and crystallization when added at a small concentration. The following are the broad conclusions that are drawn from the current study.
1. Al goes in to glass network in 4-fold coordination whereas B goes in as both 4-and 3-fold coordination. This B speciation resulted in the depolymerisation of glass network, increasing the percentage of NBOs.
2. Therefore, with B substitution glasses showed decreasing viscosity, molar volumes, oxygen densities and glass transition temperatures.
3. The simultaneous mixture of Al and B into the glass composition resulted in the increased configurational entropy. Therefore, in mixed Al and B glasses the increased entropy resulted in decreased driving force for LLPS.
4. Glass GB 100 exhibited highest crystal nucleation rate compared to all the other glasses due to fastest kinetics of LLPS, while glasses containing simultaneous mixture of Al and B featured the lowest crystal nucleation rate, which is correlated with the previous conclusion. B nuclei of GB 100 NMR spectra. 
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